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Open access under CC BY licThe annual cycle of changing day length (photoperiod) is widely used by animals to synchronise their
biology to environmental seasonality. In mammals, melatonin is the key hormonal relay for the photope-
riodic message, governing thyroid-stimulating hormone (TSH) production in the pars tuberalis (PT) of the
pituitary stalk. TSH acts on neighbouring hypothalamic cells known as tanycytes, which in turn control
hypothalamic function through effects on thyroid hormone (TH) signalling, mediated by changes in
expression of the type II and III deiodinases (Dio2 and Dio3, respectively). Among seasonally breeding
rodents, voles of the genus Microtus are notable for a high degree of sensitivity to nutritional and social
cues, which act in concert with photoperiod to control reproductive status. In the present study, we
investigated whether the TSH/Dio2/Dio3 signalling pathway of female common voles (Microtus arvalis)
shows a similar degree of photoperiodic sensitivity to that described in other seasonal mammal species.
Additionally, we sought to determine whether the plant metabolite 6-methoxy-2-benzoxazolinone (6-
MBOA), described previously as promoting reproductive activation in voles, had any inﬂuence on the
TSH/Dio2/Dio3 system. Our data demonstrate a high degree of photoperiodic sensitivity in this species,
with no observable effects of 6-MBOA on upstream pituitary/hypothalamic gene expression. Further
studies are required to characterise how photoperiodic and nutritional signals interact to modulate hypo-
thalamic TH signalling pathways in mammals.
 2012 Elsevier Inc. Open access under CC BY license.1. Introduction
Timing of seasonal breeding in animals has important ﬁtness
consequences, because it affects both offspring survival and the
chance of survival of parents to the next breeding event. Seasonal
animals use a range of environmental cues to time their reproduc-
tion with favourable food and ambient conditions. Outside the tro-
pics, the annual change in day length (photoperiod) provides
animals with the most reliable information on the time of year
and forthcoming season [18,23]. In mammals, the length of day
is transduced into a biochemical signal through the nightly secre-
tion of the methoxyindole hormone, melatonin, from the pineal
gland [42]. Recent work has demonstrated that melatonin acts
through type 1 melatonin receptors (MT1) localised in the pars tub-
eralis (PT) of the anterior pituitary gland to control thyroid hor-
mone action in the hypothalamus, leading to changes in seasonaland Environmental Sciences,
, UK. Fax: +44 1224 272 396.
ense.reproductive function [2,19–22]. This involves the release of thy-
roid-stimulating hormone (TSH, a heterodimeric complex of a
common glycoprotein hormone a-subunit and speciﬁc TSHb-sub-
unit) from the PT, at levels that increase in long photoperiod and
decrease in short photoperiod, mainly due to changes in TSHb gene
expression [13]. PT-derived TSH acts on adjacent tanycytes in the
ependymal cell layer lining the third ventricle of the hypothalamus
to alter the expression of type II and III deiodinases (Dio2 and Dio3,
respectively). The Dio2 gene encodes the enzyme that converts
thyroxine (T4) into biologically active triidothyronine (T3),
whereas Dio3 is responsible for degrading T4 and T3 to inactive
metabolites [28]. Depending on the species, the release of TSH
from PT may trigger upregulation of Dio2 expression (Soay sheep
and Syrian hamster Mesocricetus auratus), downregulation of
Dio3 expression (Siberian hamster Phodopus sungorus) or recipro-
cal regulation of both deiodinases (European hamster Cricetus cri-
cetus and Fischer F344 strain rats) [2,19,20,43,45]. The balance
between Dio2 and Dio3 determines local concentrations of T3 in
the mediobasal hypothalamus (MBH) and hence seasonal changes
in the activity of the hypothalamo-pituitary–gonadal axis.
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ronmental cues, which are potentially able to modify the photope-
riodic signal and allow ﬁne-tuning of breeding time to local and
year-speciﬁc conditions [50]. Indeed, food, ambient temperature,
rainfall and social cues have all been demonstrated to alter sea-
sonal phenotype [38]. The reported effects of non-photoperiodic
cues appear to be relatively minor, compared to the effects exerted
by photoperiod. However, the reproductive impact of non-photo-
periodic cues may be underestimated due to the common practise
of testing animals in either long (>14 h light/day) or short (<12 h
light/day) photoperiods, rather than at intermediate-duration day
lengths (12–14 h light/day). Paul and colleagues [36] exposed Sibe-
rian hamsters to intermediate and long day lengths and showed
that mild food restriction altered reproductive function under
intermediate photoperiod, despite no effects on animals housed
under long photoperiod. These results indicate that variability in
food supply, particularly at vernal day lengths, may signiﬁcantly
modify photoperiodic induction of the reproductive axis. Despite
their signiﬁcance, the neuroendocrine mechanisms responsible
for integration of photoperiodic and non-photoperiodic cues re-
main largely unknown [37].
Nutritional inﬂuences on reproduction are particularly striking
in arvicoline rodents of the genus Microtus, which have long been
of interest to ecologists because of their ﬂuctuating population
dynamics [16,26,41]. An intriguing aspect of this phenomenon is
the hypothesised role of plant secondary metabolites whose die-
tary abundance varies seasonally. Dietary supplementation with
the new growth of grasses or legumes such as alfalfa (Medicago
sativa) is widely reported to have a marked stimulatory effect on
reproduction in North American and European vole species, effec-
tively acting as a signal for spring [5,30,31,44]. While new plant
growth in general is energetically and nutritionally rich, Sanders
and Berger have suggested that the reproductive stimulatory ef-
fects of new grass are speciﬁcally due to production of 6-meth-
oxy-2-benzoxazolinone (6-MBOA) [6,46]. 6-MBOA is a
breakdown product of 2, 4-dihydroxy-7-methoxy-2–11-24-benz-
oxin-3-(4H)-one (DIMBOA), a primary glucoside of growing mono-
cotyledons that provides protection against pathogens and
herbivores [6,15]. Grazing of grass releases enzymes that rapidly
convert DIMBOA to 6-MBOA. Thus, detection of 6-MBOA in the diet
has been proposed to act as a reliable signal that the growing sea-
son has begun and that food will be abundant. The initial evidence
for the 6-MBOA hypothesis derived from studies in North Ameri-
can vole species [6,46], and was followed by a limited number of
subsequent reports of effects in other rodent species, including
mice and rats [7,9,33,34,47]. Despite some structural similarity
with melatonin [46,53], no satisfactory mechanism for the postu-
lated role of 6-MBOA has been forthcoming.
In this study, we ﬁrst sought to determine whether the common
vole (Microtus arvalis), an inhabitant of open grassland and farm-
land habitats in Europe, shows a similar photoperiodic sensitivity
at the level of the pituitary and hypothalamus to that already de-
scribed for photoperiodic hamsters [2,12,20,43] and ungulates
[19]. Secondly, we sought to determine whether these molecular
hallmarks of photoperiodic sensitivity were also responsive to 6-
MBOA treatment. We tested these ideas in young female animals
initially acclimated to a short photoperiod and low ambient tem-
perature to simulate winter conditions, and then exposed to inter-
mediate or long photoperiods.
2. Materials and methods
2.1. Animals and experimental protocol
All procedures and experimental manipulations were author-
ised by the Animal Experimentation Committee of the Universityof Groningen (DEC 6122). Common voles were obtained from a
captive-bred population that was regularly supplemented with
wild animals caught in the Lauwersmeer area (Netherlands, 53
240 N, 6 160 E). The breeding colony (University of Groningen)
was maintained on 14 h light/24 h, (lights on 08.00 h) at an ambi-
ent temperature of 21 C (range 20–22 C) and 60% relative humid-
ity (range 50–70%). All voles were housed in translucent macrolon
cages (15  32.5  13 cm) provided with sawdust, dried hay and
ad libitum water and food (standard rodent chow AM-II; Arie Blok
B.V., Woerden, Netherlands). The experiment was carried out in
three large temperature-controlled environmental chambers that
had similar ambient temperatures and relative humidity, but dif-
ferent photoperiod regimes (details below).
The voles used in the experiment (48 females) were born be-
tween December 2010 and January 2011, weaned at 3 weeks of
age and kept in same-sex sibling groups until housed individually.
At 1–7 weeks of age, animals were exposed to a short day winter
photoperiod (8 h light/24 h, lights on 08.00 h) for a total of
10 weeks. During the ﬁrst 6 weeks of the acclimation period, the
ambient temperature was regulated at 21 C, after which voles
were separated into individual cages while the temperature de-
creased gradually (over 2 weeks) to 12 C (range 11–13 C) and re-
mained at this level until the end of experiment. We chose 12 C
because previous studies demonstrated that the responses of voles
to photoperiodic manipulation were more pronounced at lower
rather than higher ambient temperatures [27].
Following the acclimation period, voles were weighed (±0.01 g)
and assigned to 6 groups (3 photoperiod regimes  2 types of
injectate) of 8 animals that were matched for mean body mass
and age. These voles were then individually housed and exposed
(day 0) to either spring photoperiod (12 h light/24 h, lights on
04.00 h, n = 16), summer photoperiod (16 h light/24 h, lights on
00.00 h, n = 16) or they remained in the original winter photope-
riod (n = 16). On days 7, 8 and 9 of photoperiod manipulation, voles
were injected intraperitoneally with 6-MBOA or vehicle (details
below) in the middle of the light phase (summer, 07.30–8.30 h;
spring, 09.30–10.30 h; winter, 11.30–12.30 h). 24 h after the last
injection (day 10), all animals were weighed and decapitated to re-
move brains with anatomically preserved PT. Brains were snap fro-
zen within 2–3 min of decapitation on a brass block cooled with
liquid N2, and stored at 80 C for in situ hybridisation analysis.
Reproductive organs were excised, cleaned of fat and connective
tissue, and wet masses of paired ovaries and uterus were recorded
(±0.0001 g).
2.2. Administration of 6-MBOA
The selected dose (5 lg/day) and administration of 6-MBOA
was based on the maximal observed response in a dose–response
experiment performed in sub-adult montane voles [46]. 6-MBOA
powder (Sigma–Aldrich Company Ltd., Gillingham, UK) was dis-
solved in 100% ethanol (200 lg/ml) and then stored in aliquots at
20 C. On the day of injections, the 6-MBOA stock solution was
brought to room temperature and diluted 20-fold with 0.9% saline.
Each vole received one 0.5 ml injection/day of this solution or of
vehicle (hereafter ‘‘control’’) for three consecutive days.
2.3. RNA in situ hybridisation
Messenger RNA levels were quantiﬁed by radioactive in situ
hybridisation in 20-lm coronal brain sections using techniques de-
scribed previously [14,29]. Antisense riboprobes complementary
to fragments of rat MT1 (GenBank accession No. AF130341, nucle-
otide [nt] position 1–982) [25,39] and TSHb (GenBank accession
No. M10902, nt position 106–478) [8,12], and to fragments of vole
Dio2, Dio3 and the orphan G-protein coupled receptor GPR50
winter summer
MT1
GPR50
TSHβ
Dio2
Dio3
spring
Fig. 1. Representative autoradiographs showing localisation of mRNA by in situ hybridisation of antisense riboprobes to adjacent coronal hypothalamic sections of a vole
brain at the rostrocaudal level of the pars tuberalis (PT). Subadult females of the common vole were acclimated to winter photoperiod (8 h light/24 h) for 10 weeks, and then
exposed to either spring photoperiod (12 h light/24 h) or summer photoperiod (16 h light/24 h) for 10 days. On days 7, 8 and 9 of photoperiod manipulation, voles were
injected with 6-MBOA (images not shown) or control solution (depicted). Scale bar = 1 mm. MT1, type 1 melatonin receptor; TSHb, thyroid-stimulating hormone b subunit;
Dio2, type II deiodinase; Dio3, type III deiodinase; GPR50, G-protein coupled receptor.
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transcription reactions were performed using 35S-UTP (Perkin El-
mer, Boston, MA, USA). Coronal sections of vole brains were cut
on a cryostat and collected throughout the rostrocaudal extent of
the hypothalamus (from the optic chiasm to the mammillary
bodies) onto gelatin and poly-L-lysine-coated slides, with 6–8 sec-
tions mounted on each slide. All slides for a given gene were ﬁxed,
acetylated and hybridised overnight at 58 C with the correspond-
ing riboprobe at approximately 1  106 c.p.m. per slide. The next
day, slides were subjected to RNase-A digestion and stringencywashes in sodium citrate buffer to remove nonspeciﬁc probe
hybridisation. Slides were then dehydrated in graded ethanol solu-
tions, air-dried and exposed to an autoradiographic ﬁlm (Kodak,
Rochester, NY, USA) for 3–7 days, depending on the riboprobe
used. Films were digitised with an Epson Expression 1640XL scan-
ner (Epson UK Ltd., Hemel Hempstead, UK) along with a calibrated
optical density step wedge (T2115C, Stouffer Graphic Arts Equip-
ment Co., Mishawaka, IN, USA). Autoradiographic images were
quantiﬁed using ImageJ software (NIH Image, Bethesda MD, USA)
that computed the integrated optical density (IOD) of the
AB
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calibration curve generated from the transmission step wedge.
Quantiﬁcation of the signal for MT1, TSHb, Dio2 and Dio3 was per-
formed for all sections with detectable expression of the speciﬁc
gene in the MBH. Quantiﬁcation of the GPR50 signal was restricted
to MBH of two adjacent sections at the rostrocaudal level of PT,
which corresponded to the region with the strongest expression
of Dio2/Dio3. The IOD values from speciﬁc regions of interest in
all analysed sections were summed for each animal.
2.4. cDNA templates for vole Dio2, Dio3 and GPR50
Total RNA from a brain of the common vole was isolated by
homogenisation in TRI Reagent (Sigma–Aldrich Company Ltd.).
Reverse transcription of the total RNA into cDNA was performed
using Omniscript RT Kit (Qiagen, Hilden, Germany). The fragments
of vole Dio2, Dio3 and GPR50 were ampliﬁed by PCR using
Platinum Taq Hiﬁ (Invitrogen, Carlsbad, CA, USA) and subjected
to electrophoresis. The PCR fragments were then extracted using
QIAquick Gel Extraction Kit (Qiagen) and cloned into pGEM-T Easy
vector (Promega, Madison, WI, USA). The sequence and the
orientation of the PCR fragment in the vector was veriﬁed (MWG
Biotech Ltd., Milton Keynes, UK) and deposited in GenBank (Dio2,
accession No. JF274709, nt position 1–771; Dio3, accession No.
JF274710, nt position 1–477; GPR50, accession No. HQ825084, nt
position 998–1719). The resulting plasmids were linearised with
appropriate restriction enzymes and used to synthesise the
vole-speciﬁc riboprobes.
2.5. Statistical analysis
All data were assessed for normality and homogeneity of vari-
ance using appropriate plots of the residuals. The effects of photo-
period (winter, spring and summer) and injectate (6-MBOA and
control) on PT and hypothalamic gene expression, body mass and
mass of reproductive organs were determined using two-way
ANOVA, with photoperiod and injectate as factors and an interac-
tion between the factors included in the model. Because the gene
expression data did not meet the required distributional assump-
tions, p values were calculated using permutation tests [49]. This
approach is analogous to a conventional ANOVA except that the
p values are obtained by pairwise permutation of the data instead
of being derived from F tests. Permuted (gene expression) and Tu-
key HSD (body mass and reproductive organs) post hoc pairwise
comparisons were used to compare individual treatment contrasts
when required. All analysis was performed using the R statistical
environment [40] and permutation tests were conducted using
the lmPerm function [51]. An association between Dio2 and TSHb
gene expression was assessed using Pearson correlation coefﬁcient.
Statistical signiﬁcance was determined at p < 0.05.Fig. 2. Effects of photoperiod and 6-MBOA treatment on gene expression in the pars
tuberalis (PT) and mediobasal hypothalamus (MBH) of subadult female common
voles. The bar charts show integrated optical measurements of expression of MT1
(A) and TSHb (B) in the PT, and of Dio2 (C), Dio3 (D) and GPR50 (E) in the MBH. Data
are means + SEM (n = 8). The effects of 6-MBOA were not signiﬁcant (p > 0.28);
different letters above bars indicate signiﬁcant differences between photoperiod
regimes (p < 0.04).3. Results
3.1. PT and hypothalamic gene expression
The anatomical distribution of MT1, TSHb, Dio2 and Dio3 mRNA
expression within the MBH of the common vole (Fig. 1) is similar to
that described in other photoperiodic rodents [12,20,43] as well as
in the Soay sheep [19]. We observed MT1 and TSHb gene expres-
sion only in the PT, whereas the expression of Dio2 and Dio3 was
restricted to the ependymal zone lining the ventral part of the third
ventricle. This region is also noted for photoperiodic expression of
the orphan melatonin-related receptor GPR50 [3], which has been
linked to metabolic rate in mice [4,24]. Consistent with these re-
ports, we observed GPR50 expression in the ependymal zone aswell as in a number of other hypothalamic sites (Fig. 1 and data
not shown).
Densimetric analysis of gene expression is summarised in Fig. 2.
The interaction between photoperiod and 6-MBOA treatment was
initially included in all statistical analyses of gene expression, but
was subsequently removed due to lack of statistical signiﬁcance
(p > 0.42). The level of MT1 expression in PT was not affected by
photoperiod or administration of 6-MBOA (photoperiod, df = 2,44,
p = 0.11; 6-MBOA, df = 1,44, p = 0.88) (Fig. 2A). The expression of
AB
Fig. 4. Effects of photoperiod and 6-MBOA treatment on mass of paired ovaries (A)
and uterus (B) in subadult female common voles. Data are means + SEM (n = 8). The
effects of 6-MBOA were not signiﬁcant (p > 0.81); different letters above bars
indicate signiﬁcant differences between photoperiod regimes (p < 0.04).
A
B
Fig. 3. Relationships between Dio2, Dio3 and TSHb expression levels in subadult
female common voles. (A) scatterplot of Dio2 versus TSHb expression; (B)
scatterplot of Dio3 versus Dio2 expression. The X-axes are split into two sections
for clarity, with each section having a different scale. Each plot combines data from
winter (n = 16), spring (n = 16) and summer (n = 16) animals. Data for 6-MBOA
treated and control animals were pooled as the effects of 6-MBOA were not
signiﬁcant (p > 0.28).
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cases), with no signiﬁcant effects of 6-MBOA (df = 1,44, p > 0.28 in
all cases) (Fig. 2B–E). The levels of TSHb and Dio2 expression were
similarly regulated by photoperiod, with high levels in voles ex-
posed to summer photoperiod, and minimal or undetectable levels
of expression under winter or spring photoperiods (pairwise com-
parisons, p < 0.001). As a result, there was a strong positive corre-
lation between the levels of Dio2 and TSHb expression (r = 0.83,
p < 0.001, n = 48) (Fig. 3A). In contrast to Dio2, the expression of
Dio3 was highest in voles exposed to winter photoperiod, interme-
diate under spring photoperiod and undetectable under summer
conditions (p < 0.007 for all pairwise comparisons between
means). Further examination of the inverse relationship between
Dio2 and Dio3 gene expression revealed that individuals tended
either to express Dio2 or to express Dio3, rather than both these
transcripts simultaneously (Fig. 3B). The expression level of
GPR50 in the ependymal layer was higher in voles exposed to sum-
mer photoperiod than under winter or spring day lengths (pairwise
comparisons, p < 0.04), but this effect was less dramatic than was
the case for Dio2 expression in the same anatomical region.
3.2. Body mass and reproductive organs
Body and reproductive organ mass data are summarised in
Fig. 4. The interaction between photoperiod and 6-MBOA treat-
ment was initially included in all models of body and organmasses, but was subsequently removed due to lack of statistical
signiﬁcance (p > 0.24). Prior to photoperiod manipulation, voles as-
signed to the experimental groups did not differ in their mean
body mass (photoperiod, F2,44 = 0.2, p = 0.82; 6-MBOA, F1,44 = 0.02,
p = 0.88). Neither photoperiod nor administration of 6-MBOA had
signiﬁcant effects on vole body mass at the end of experiment
(photoperiod, F2,44 = 1.2, p = 0.30; 6-MBOA, F1,44 = 0.1, p = 0.74).
There were small but signiﬁcant effects of photoperiod on masses
of paired ovaries and uterus, with no signiﬁcant effects of 6-MBOA
(ovaries: photoperiod, F2,44 = 4.0, p = 0.02; 6-MBOA, F1,44 = 0.002,
p = 0.97; uterus: photoperiod, F2,44 = 4.9, p = 0.01; 6-MBOA,
F1,44 = 0.06, p = 0.81). Voles exposed to spring photoperiod had
heavier ovaries than summer voles and heavier uterus than ani-
mals under winter or summer day lengths (pairwise comparisons,
p < 0.04).4. Discussion
Our study is the ﬁrst to demonstrate the effects of photoperiod
on the pituitary TSHb and hypothalamic deiodinase gene expres-
sion in any member of the genusMicrotus. In our experimental par-
adigm, we sought to establish a winter-like physiological state by
acclimation to short photoperiod and low ambient temperature,
and we predicted that this would lead to suppressed TSHb and
Dio2 expression, but elevated Dio3 expression. Our data strongly
conﬁrm these predictions, validating the basic experimental ap-
proach, and suggesting that, as in other mammalian groups, the
TSH/deiodinase pathway is crucial to seasonal reproductive con-
trol. Additionally, we found that the orphan melatonin-related
receptor GPR50 is photoperiodically controlled in the common
vole, consistent with the emerging involvement of this gene in
hypothalamic regulation of metabolic rate [4,24].
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unable to observe any effect of the plant metabolite 6-MBOA on
pituitary/hypothalamic gene expression or on downstream repro-
ductive physiology inM. arvalis. This molecule has previously been
linked to new growth of grasses that make up a large part of the
diet of Microtus species, although its role in reproductive control
of M. arvalis has not been determined. Nevertheless, the concept
that this species is sensitive to springtime nutritional signals from
growing plants is supported by studies comparing the effects of
spring and fall harvested alfalfa (a legume in which 6-MBOA has
not been detected) on ovarian activity [30].
The protocol we followed for administering 6-MBOA was care-
fully designed based on the work of Sanders and colleagues in
North American vole species, as well as in Swiss Webster labora-
tory mice [46]. Based on this earlier work, we would have expected
to see overt effects on reproductive organ weights within the time
frame of our experiment. We therefore do not favour the possibil-
ity that the lack of observed effects was due to a failure of drug
delivery. Moreover, by designing our study to include short, inter-
mediate and long photoperiods, we sought to reveal subtle modu-
latory effects potentially masked by strong stimulatory or
inhibitory day lengths. The intermediate spring photoperiod
clearly generated an intermediate state in terms of hypothalamic
gene expression proﬁle (reduced Dio3 expression compared to
winter animals, but a continuing absence of Dio2 expression), con-
sistent with our experimental aims. At this moment, we speculate
that while common voles share with their North American cousins
a sensitivity to nutritional cues to time reproduction, 6-MBOA is
not important among these cues. Importantly, responsiveness to
6-MBOA has so far been reported only for voles from the main
North American clade (M. montanus,M. pinetorum andM. ochrogas-
ter), while M. arvalis belongs to the genetically distant main Euro-
pean clade [17]. This leaves open the possibility that
responsiveness of Microtus voles to 6-MBOA might be clade-spe-
ciﬁc, reﬂecting the evolutionary history of rapidly radiating taxa
within Microtus [17,48].
As in our earlier work on the Soay sheep [19], we were unable to
detect the expression of MT1 within the MBH of the common vole
and we conﬁrmed in this species the presence of MT1 within the PT
(Fig. 1). This provides further support for the central role of the PT
in relaying the melatonin photoperiodic signal [1,10,11]. Exposure
of voles to summer photoperiod for 10 days generated a large in-
crease in the expression of TSHb in the PT, which is consistent with
the uniform response of PT to long days manifested by all verte-
brate species studied so far, including the Japanese quail Coturnix
japonica [32], Soay sheep [13,19], photoperiodic rodents
[20,45,52] and non-photoperiodic mice [35]. As in the European
hamster and Fischer F344 strain rats [20,45], the increase in the
expression of TSHb in voles exposed to summer photoperiod was
paralleled by the increased expression of Dio2, with concomitant
downregulation of Dio3 transcript. The highly signiﬁcant and posi-
tive correlation between the expression levels of Dio2 and TSHb
(Fig. 3A) is likely to reﬂect a causal relationship, since intracerebro-
ventricular administration of TSH to short day acclimated quail
[32] and Soay sheep [19] directly stimulates the expression of
Dio2. Furthermore, photoperiodic induction of Dio2 expression is
abolished in TSH-receptor knockout mice [35].
Although there is general acceptance that interactions between
levels of Dio2 and Dio3 expression modify hypothalamic function
by limiting T3 availability, the temporal relationship between the
expression of these enzymes is complex and appears to vary be-
tween species. A striking feature of the present study was the ab-
sence of individuals co-expressing intermediate levels of these two
genes: instead mutually exclusive expression prevailed. This result
suggests that a ﬂip–ﬂop switch between winter (Dio3 dominated)
and summer (Dio2 dominated) hypothalamic states may operate inthis species. It will be interesting to explore the extent to which
this switch operates in the ﬁeld, and the extent to which it predicts
reproductive activity.
Finally, the exposure of voles to summer photoperiod upregu-
lated the expression of GPR50 in the ependymal region of the
MBH, which is consistent with the downregulation of GPR50 re-
ported in Siberian hamsters following transfer to short photope-
riod [3]. Recent evidence from knockout mice [4,24] implicates
GPR50 in leptin sensitivity and control of energy expenditure.
Hence, we speculate that photoperiodic effects on GPR50 expres-
sion in the MBH may be linked to seasonal changes in metabolic
physiology.
In summary, recent insights into the molecular pathways of
melatonin action in mammals open up new avenues for investigat-
ing how photoperiodic and non-photoperiodic cues are integrated
to synchronise breeding with optimal environmental conditions.
Members of the genus Microtus may be particularly suited for this
avenue because of their ecological diversity and well-documented
sensitivity to nutritional signals. Our study in M. arvalis demon-
strates that the core elements of the mammalian photoperiodic
machinery operate as in other vertebrates, but we ﬁnd no evidence
for a role of the plant compound 6-MBOA in seasonal neuroendo-
crine function of this species.Acknowledgments
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